Cord factor (trehalose 6,6′-dimycolate, TDM) is the major lipid in the outer membrane of Corynebacteria and Mycobacteria. Although its role is well recognized in the immune response phenomena, its membrane biophysical properties remained largely unexplored and TDM has often been described as a detergent. We purified the main components of the outer membrane from Corynebacterium glutamicum and analyzed their membrane forming properties. In mixture with endogenous cardiolipin, but not alone, the spontaneous hydration of TDM produces liposomes. As a pure component, TDM formed vesicles only by the detergent dialysis method. Perdeuterated cardiolipin-TDM mixtures were shown by deuterium nuclear magnetic resonance (NMR) to exhibit a gel to liquid crystalline phase transition over a 273-295 K temperature range, for cells grown at 303 K, and thus to be in a liquid crystalline state at physiological temperature. Molecular dynamics simulations of hydrated TDM bilayers provided the trehalose average orientation and conformation, the chain order parameters, the area per lipid and the bilayer thickness which was confirmed by electron microscopy. Finally the Porin A-Porin H ion channel from the Corynebacterial outer membrane was reconstituted in TDM liposomes. With properly mycoloylated proteins, it manifested the typical voltage dependent ion channel properties of an outer membrane porin.
Introduction
The cell envelope organization and properties of the group of bacteria in the suborder Corynebacteriales (which includes Corynebacteria and Mycobacteria) may explain why specific long chain fatty acids are indispensable for the survival of these organisms. These bacteria present a unique cell envelope that contains an outer membrane, also called the mycomembrane, which provides a permeability barrier resembling that of Gram-negative bacteria. The mycomembrane consists of a bilayer composed of an inner leaflet of mycolic acids covalently linked to the cell wall arabinogalactan, which in turn is attached to peptidoglycan, and an outer leaflet of various non-covalently linked lipids, including mycolic acid-containing glycoconjugates such as trehalose mono-and di-mycolate [1, 2] .
Trehalose 6,6′-dimycolate (TDM) is an abundant surface glycolipid in the mycomembranes which provide a potent biological barrier. TDM is also known as "cord factor" as it facilitates cord formation, as well as increasing impermeability and resistance to: (i) many antibiotics; (ii) susceptibility to acid-and alkali-induced cytotoxicity; (iii) osmotic lysis; and (iv) lethal oxidation, thus improving survival inside macrophages [3] [4] [5] [6] . TDM also plays a major role in the immunological response and in Mycobacteria-host interactions [7, 8] . TDM comprises a molecule of trehalose (α-D-glucopyranosyl-α-D-glucopyranoside) esterified by two α-alkyl, β-hydroxy fatty acids (mycolic acids) of varying chain lengths: 70-90 carbon atoms in Mycobacteria; 46-90 carbon atoms in Nocardia; and 22-38 carbon atoms in Corynebacteria [9, 10] . Other lipids have been associated with the mycomembrane, such as phospholipids and, in mycobacteria, species-specific lipids [11] [12] [13] [14] .
Recently the exact lipid composition of the outer membrane of Corynebacterium glutamicum has been reassessed independently by two groups. First, Bansal-Mutalik and Nikaido [15] , using reverse surfactant micelles extraction, proposed that the outer membrane contains cardiolipin tightly associated with the peptidoglycan-arabinogalactan complex in the inner leaflet, and predominantly TDM in the outer leaflet. Then, Marchand et al. isolated the mycomembrane by flotation density gradient, and analyzed its lipid and protein composition extensively [16] . Based on this separation protocol, the predominant lipid was identified as TDM. Both studies indicated the major role played by TDM in the physical organization of the outer membrane, either alone or in mixture with cardiolipin.
Although a significant quantity of biophysical data has been accumulated over the last 5 decades regarding the spontaneous selfassembly of many membrane lipids and their corresponding membrane physical properties (see for instance [17] and references therein), including cardiolipin [18] , surprisingly, very little is known about the self-organization of TDM and/or TDM/cardiolipin lipid mixtures. The term "TDM micelle", which seems contradictory with being the major component of an impermeable outer membrane, is often found in the literature, however this phrase usually refers to TDM that has been solubilized in Freund's incomplete adjuvant, or in other detergent mixtures [5, 8] . The interaction of TDM with preformed lipid bilayers has been studied, and it was shown to inhibit Ca 2+ -induced fusion between phospholipid vesicles [19] , and to affect bilayer water permeability and the electrical capacitance of phosphatidylcholine bilayers [20] . Finally, the influence of mycolic acid chain length on the phase properties of Corynebacteriales cell walls has been assessed, and differential scanning calorimetry was used to demonstrate that a phase transition occurs at 60-70°C for the longer chains of Mycobacteria, while Corynebacteria displayed a transition at~30°C, indicating a clear correlation between mycolic acid structure and the fluidity (and thus the permeability) of mycomembranes [21] .
The data described above prompted us to extract and purify TDM from C. glutamicum cell walls and to analyze its membrane forming properties. After characterization of the distribution of mycolic chain lengths by MALDI-TOF mass spectrometry, novel protocols to form vesicles with pure TDM or with TDM/cardiolipin mixtures were established. Pure TDM did not spontaneously form vesicles following direct hydration of the dry lipid film with excess water, but mixtures of TDM and cardiolipin (TDM:CL ratios from 1:4 to 4:1) did form vesicles in the same conditions, and these vesicles were characterized using a range of biophysical techniques. In order to form vesicles with TDM in the absence of cardiolipin, it was necessary to use the detergent dialysis method, and TDM vesicles produced in this manner were characterized by TEM, DLS and NMR spectroscopy. C. glutamicum was also cultured in D 2 O, enabling the purification of perdeuterated TDM and cardiolipin. Deuterium NMR was then used to assess the lipid order parameters, and a gel to liquid crystalline phase transition in cardiolipin-TDM mixture was observed at a temperature just a couple of degrees below the cell growth temperature. Furthermore, the first MD simulations of hydrated TDM bilayer were carried out, and provided a detailed atomic dynamical description of the bilayer. Finally pure TDM liposomes were demonstrated to be suitable for the functional reconstitution of an ion channel from the outer membrane of C. glutamicum: the PorA-PorH complex. These observations clearly establish for the first time that TDM, both alone and in mixture with cardiolipin, can self-organize into a stable, non-permeable lipid bilayer required for a functional outer membrane.
Material and methods
2.1. Extraction and purification of TDM from C. glutamicum C. glutamicum strain ATCC 13032 was used for extraction and purification of trehalose dimycolate. The total cell lipid extracts were obtained as described previously [22, 23] . Briefly, from a primary culture, C. glutamicum cells were grown to late exponential phase (16 h) in brain heart infusion (BHI, Difco) media at 30°C with continuous shaking at 200 rpm. Perdeuterated cultures were performed using BHI media in D 2 O (99.8%, Eurisotop). Cells were harvested by centrifugation at 4000 g for 20 min. The cell wall was extracted three times successively in CHCl 3 :CH 3 OH (1:2, 1:1 and 2:1 [vol/vol]) proportions (12 ml per gram of cell mass) for 12 h at room temperature with continuous stirring. The organic solvent extracts were separated after each extraction step by centrifugation at 4000 g at room temperature. The insoluble material was eliminated by filtration through a Whatman paper. All organic solvents were removed by vacuum rotary evaporator. The organic extract was dissolved in CHCl 3 . To eliminate the polysaccharides, an equal volume of water was mixed followed by gentle shaking and allowed to separate the organic phase from the aqueous phase. The lower organic phase containing lipids was collected, evaporated to dryness, quantified and solubilized in 2-3 ml of CHCl 3 . To analyze the total cell lipids, a diluted fraction was applied on a TLC plate and developed in CHCl 3 :CH 3 OH:H 2 O (65:25:4 [vol/vol/vol]). Glycolipids were identified after spraying the TLC plates with 0.2% (wt/vol) anthrone in H 2 SO 4 followed by heating, whereas the phospholipids were revealed by the Dittmer reagent [24] .
TDM from the total lipid extract containing glycolipids (TDM, TMM) and phospholipids (PI, PIMs, PG/CL) was purified using Quaternary Methyl Ammonium (QMA Spherosil M, Pall BioSepra, Cergy, France) chromatography [23, 25] . Before application of the total lipids, the QMA matrix was activated with three times (3×) column volume (CV) of 0. 
Mass spectrometry
MALDI-TOF spectra of purified TDM were acquired on a Voyager-DE STR mass spectrometer (PerSeptive Biosystems). Ionization was achieved by irradiation with a pulsed nitrogen LASER emitting at 337 nm. The spectra were recorded in reflectron mode using an extraction delay of 100 ns and an accelerating voltage of 25 kV. The 2,5-dihydroxybenzoic acid (DHB) matrix (10 mg/ml) was dissolved in CHCl 3 :CH 3 OH (1:1 [vol/vol]). In a typical experiment, 2 μl of TDM CHCl 3 :CH 3 OH 1:1 (1 mg/ml) and 2 μl matrix were mixed and 0.5 μl was disposed onto a metal plate. A total of 2500 shots were accumulated for each sample in a positive ion mode and all data were acquired with default calibration for the instrument.
Liposome preparation
Three different methods were tried to prepare TDM vesicles:(i) a standard liposome preparation protocol consisting of gentle and direct hydration of a dried lipid film made up of 5 mg of TDM and CL at one of various molar ratios (TDM/CL: 1/0, 4/1, 3/2, 1/1, 2/3 1/4 or 0/1); (ii) a reverse-phase evaporation protocol, as described in [26] ; or (iii) a detergent dialysis protocol involving the solubilization of 5 mg of TDM in 2 ml of 10% OG. This TDM-OG nonturbid solution was dialyzed twice against 2 l of water through a 3 kD cut-off membrane with gentle stirring at room temperature, and once at 37°C. To avoid any organic solvent contamination, all of the lipids were dried overnight in a vacuum pump prior to liposome preparation.
Electron microscopy
The shape and size distribution of TDM vesicles were analyzed by transmission EM. Samples were prepared using the conventional negative staining procedure. Drops of liposome suspension (10-20 μl) were adsorbed onto a glow-discharged carbon-coated copper grid. The grids were blotted on a filter paper and then negatively stained with uranyl acetate (1%). Grids were examined with a transmission electron microscope (JEOL JEM 1400) at 80 kV and 120 kV. The images were acquired using a digital camera (GATAN ORIUS SC 1000B model 832) from 20,000 to 50,000× magnification. The TDM bilayer thickness was estimated by evaluating the bilayer thickness from the cryo-TEM image with known reference scale factor at 10 different points. H NMR measurements were recorded with a DMX-500 Bruker spectrometer at a Larmor frequency of 76.77 MHz with a spectral width of 1 MHz using a quadrupolar echo sequence with an echo delay of 40 μs [27] . For each condition a total of 25,600 scans of 4 K time domain were accumulated with a repetition delay of 1 s. Prior to Fourier transform the first points before the top of the echo were removed. Then a squared cosine function was applied to the FID. 2 H NMR spectra were recorded at various temperatures between 278 K and 313 K. First moments of the spectra were computed over a 100 kHz spectral width by the equation [27] 
2.5.
where ω is the shift in frequency from the central Larmor frequency in Hertz, I(ω) is the spectrum intensity at frequency ω.
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P NMR spectra were recorded on a DMX-500 Bruker spectrometer at a Larmor frequency of 202.45 MHz using a standard spin echo pulse sequence, using a 90°pulse of 8.0 μs and an interpulse delay of 20 μs, and a spectral width of 500 kHz.
Dynamic light scattering (DLS)
The diameter and size distribution of TDM vesicles prepared either by dialysis or by hydration in presence of cardiolipin were estimated from dynamic light scattering recorded on a instrument equipped with laser source of wavelength 663 nm and analyzed using DYNAMICS software 7.1 (Wyatt Technologies). Samples were diluted in filtered water to 50-200 times before measurement. The mean light scattering from each solution was calculated from 20 independent measurements, each recorded at 25°C with a 10 s acquisition time.
Molecular dynamics simulations of a TDM bilayer
Initially, the three predominant types of TDM molecule were created in silico in their simplest conformations, with extended chains, and subjected to a minimization to remove the initial strain. Next, the Packmol program [28] was used to create a bilayer with 60 TDM molecules (20 of each type) per layer, placed within a rectangular box with dimensions 85 × 85 × 60 Å in the X, Y and Z directions, respectively. The placement of the molecules within the XY plane of the box was random, but their heads and tails were aligned with the Z axis (the axis of the bilayer normal) to form two distinct layers, with heads facing in opposite directions. To hydrate the system, the simulation box was extended by 15 Å on each side, and 4200 water molecules were placed within each extension. The final system had the dimensions of 85 × 85 × 90 Å and comprised 120 TDM molecules and 8400 water molecules, with a total of 54,600 atoms.
The MD simulations were performed with the Amber 9 software [29] [30] [31] . For the trehalose moiety and the lipid chains of a TDM molecule the Glycam-06 and GAFF force fields were used, respectively. In order to obtain partial charges for the chains we have run a short MD simulation with one TDM molecule of each type and extracted a dozen of different conformers from the trajectory. The antechamber program from the Amber 9 suite was used to compute partial charges for all conformers and the average value was calculated for each atom in the chain. The averaged partial charges were very close to the published values for other lipid chains, e.g. in the extension of GLYCAM-06 for lipids [32] or those available from the Web site of Pr. P. Tieleman (http://moose.bio. ucalgary.ca). For the solvent the TIP3P water model was used. The equilibration of the entire system was achieved in several steps. Initially, the energy of the system was minimized by 1000 cycles of the steepest descent (SD) algorithm, with the solute held fixed, by constraining its Cartesian coordinates using a harmonic potential with the force constant k equal to 100 kcal/mol/Å 2 . In the second step, the energy was minimized by 500 cycles of SD and 1500 cycles of the conjugate gradient (CG) algorithm, with weakly restrained solute (k = 10 kcal/mol/Å 2 ). Next, a short 20 ps MD run was performed on weakly restrained solute with temperature varying linearly from 0 to 300 K. The temperature control was achieved using the Langevin dynamics with the collision frequency parameter γ equal to 1.0 ps . The integration step used in this run was 1 fs. Throughout the calculations a cutoff of 12 Å was used for electrostatic interactions. The MD simulation continued for 100 ps at constant temperature at 300 K with no restraints, with the integration step of 2 fs. Finally, a 40 ns run with constant pressure of 1 bar was launched, with atomic coordinates saved every 10 ps. The Langevin dynamics was used to control the temperature, with γ = 1.0 ps −1 , while the pressure was controlled by the anisotropic Berendsen barostat with the pressure relaxation time τ p = 2 ps. Bonds involving hydrogen were constrained with the SHAKE algorithm. The calculation was performed in parallel on two PowerEdge R410 servers, 16 cores in total, which worked at the speed of ca. 0.55 ns/day. Attempts to launch the calculation on a higher number of cores led to a slower computation, mainly due to the bottlenecks in the Gigabit Ethernet network.
TDM/PorA-PorH proteoliposome preparation
PorA and PorH were expressed and purified from C. glutamicum cultures as described in [33] . Equimolar quantities of both proteins were precipitated in cold ethanol (20 × volume) and 12% of 5 M NaCl during 24 h at −20°C. The precipitate was recovered by centrifugation at 10,000 g and 4°C for 30 min. The precipitate was kept at room temperature for 2 h to remove traces of ethanol. The pellet was gently solubilized by adding TDM/OG mixed micelles solution. OG was removed slowly by dialysis in a 3 kDa cut-off membrane against 10 mM Tris-Cl, pH 8.0 (5 h, > 6 times). Proteoliposomes were prepared at two protein/lipid molar ratios: 1:30 and 1:50. The quality of the reconstitution was analyzed by DLS and EM, and the ion channel activity was carried out using black lipid membrane (BLM) ion channel activity measurements.
Channel activity measurements
Channel activity of reconstituted proteoliposomes was recorded using planar bilayer measurements as described in [33] . The planar bilayers were formed across a 250 μm diameter hole by presenting a bubble of either azolectin (Sigma) or a mixture of azolectin containing 10 mol% of TDM dissolved in n-decane (30 mg/ml). Recordings were performed at room temperature with a membrane potential of 40 mV in a 10 mM HEPES, pH 7.4 and 400 mM KCl buffer solution.
Results and discussion

Extraction and purification of TDM and other polar lipids from C. glutamicum
An optimized and efficient protocol has been used to extract the total cell wall lipids from C. glutamicum cell wall, following [22, 23] with further optimizations. After successive extraction steps using different proportions of CHCl 3 :CH 3 OH, nearly 2 g of crude cell extract were obtained from 2 l of culture. Lipid extraction steps gave 500 ± 20 mg of total cell wall lipids composed mostly of glycolipids (TDM, TMM) and phospholipids (CL, PG, PI and PIMs) (Fig. 1, lane 1) .
As compared with other strategies previously described (including silica gel chromatography), QMA ion exchange chromatography proved to be the most efficient and hence allowed complete separation of the individual lipid species in one step (Fig. 1) . Most of the lipids were identified by TLC with respect to known standards, except PG and CL which displayed the same TLC profiles and were identified by reflectron mode MALDI-TOF mass spectrometry. PG came first followed by CL in our chromatographic conditions.
After lipid separation and weight determination the approximate proportion of each lipid in the crude lipid mixture was (per 200 mg of lipid mixture): TDM 27 mg, TMM 5 mg, CL/PG 55 mg, PI + PIM 28 mg and the remaining are polar lipid extracts. This approach provided a rapid and efficient way of preparing large amount of individual lipids, in protonated and deuterated form, for subsequent biophysical analyses.
Biochemical characterization of TDM by mass spectrometry
The molecular characterization of purified TDM from C. glutamicum was analyzed by MALDI-TOF mass spectrometry. Reflectron mode data were collected to get high resolution mass spectra of TDM as pseudomolecular species (M + Na + ions). As shown in Fig. 2A , the mass spectrum of TDM consists of complex distribution of m/z between 1236 amu and 1471 amu. Each ensemble of peaks consists of different molecular species of TDM with a combination of mycolic acids of varying carbon and number of insaturations. Our data agree with previous work showing that the predominant forms of corynomycolic acids in TDM are C32:0, C34:1 and C36:2 [34] and that mycolic acids with odd carbon atoms number do exist in Corynebacteriales [35, 36] . Due to its branched structure (see Fig. 4B ) the two acyl chains of corynomycolates are equivalent to 16 to 18 carbons found in cardiolipin and standard phospholipids.
In the mass spectra of TDM, each group of peaks differs from its neighboring ones with a mass of 14 amu corresponding one CH 2 group. In fact the most predominant corynomycolates with odd number of carbon atoms are C35:0 and C37:1 which is also verified by the mass spectra analysis of trehalose-monomycolate (Fig. S1A) . The mass spectra of purified CL showed predominantly three different molecules of m/z 1428 amu, 1450 amu and 1472 amu which were the possible combination of C16:0, C18:0 and C18:1 fatty acid chain lengths (Fig. 2B) . Similar mass spectrometric characterizations of TDM and TMM have been carried out previously and exposed the divergence of carbon chain lengths in various species of Corynebacteriales [37, 38] .
The mass spectra of purified perdeuterated TDM (Fig. S1B ) and CL showed corresponding increase in molecular mass profiles and allowed to estimate the deuteration extent in our growth condition as in [39] . Using peaks corresponding to the same molecular species allowed calculating the average deuteration extent of our lipids. For instance, for the C66:1 TDM molecules (140 H atoms), one measures a m/z of 1347 amu for the protonated molecules and a pattern centered on 1481 amu for the perdeuterated molecules (i.e. with identical intensities for the two consecutive 1480 amu and 1481 amu peaks), corresponding to an average deuteration extent of 96%. This is the average D/H ratio in the growth medium indicating that in our growth conditions, complete H/D exchange occurred between the water and the carbon source during the lipid biosynthesis.
TDM and TDM/CL liposome preparation
Several methods were investigated for obtaining homogenous dispersions of pure TDM in buffered solution, in order to determine the most effective approach for preparing TDM and TDM/CL liposomes. First, a standard protocol for liposome formation, which consists of slowly hydrating thin lipid films formed by the evaporation of chloroform solutions, was attempted with lipid films containing purified TDM. None of the conditions for hydration that were attempted, including heating the sample to 60°C and low power bath sonication, caused rehydration of the lipids. High power probe sonication (typically used to form small unilamellar vesicles with phospholipids) produced an inhomogeneous opaque suspension with large visible aggregates. The reverse phase evaporation method [26] also failed to produce homogenous TDM suspensions.
In contrast, C. glutamicum CL mixtures could be rehydrated easily and form liposomes by lipid film rehydration, as expected for this class of phospholipids [17] . Several TDM/CL ratios were tested and it was determined that at least 80% molar ration of CL is required for the spontaneous and rapid rehydration of a lipid film. Therefore TDM cannot be easily dispersed in buffer solution unless mixed with significant quantities of CL (or with detergents, as is typical for immunological applications).
Finally, the detergent dialysis method [40] was investigated as an example of another common protocol for the preparation of liposomes and proteoliposomes. TDM could be fully solubilized and dispersed in the presence of n-octyl-β-D-glucopyranoside (OG), and the preparation remained homogenous with little turbidity following the removal of the detergent by dialysis. This method was effective both with pure TDM and with TDM/CL mixtures in any proportion.
TDM and TDM/CL liposome characterization
A large number of methods are available to characterize the phases formed by lipid dispersions in water: for example, X-ray and neutron scattering, 31 P and 2 H NMR, differential scanning calorimetry, fluorescence, EPR, IR and Raman spectroscopies, electron microscopy and atomic force microscopy, and light scattering (for an exhaustive description see [17] and references therein). In order to demonstrate that TDM may behave as a membrane forming lipid, as opposed to a micelle forming lipid, dynamic light scattering and electron microscopy were used to determine the size distribution of TDM vesicles and to demonstrate the existence of a well-defined internal space. 2 H NMR was also used to determine the lipid acyl chain order parameters and the lipid dynamics, as well as to characterize phase transition temperature ranges. In addition, a fluorescence encapsulation assay demonstrated the integrity of the TDM bilayers: 5,6-carboxyfluorescein (CF: 50 μM) was trapped in the liposomes (as seen from the quenched fluorescence signal at this concentration) and released in presence of 0.1% Triton X-100 (as seen from fluorescence increase upon bilayer leakage and CF dilution).
The size distribution of TDM vesicles was analyzed by DLS and electron microscopy. As shown in Fig. S2A , TDM vesicles formed by dialysis were largely monodispersed in size with an average diameter of 260 nm. TDM/CL (in 1/4 molar ratio) liposomes prepared by the film hydration method presented an average size of 1677 nm, with a broader distribution in size as expected for crude liposome preparations (Fig. S2B) . The size distribution of these vesicles as obtained by DLS is in agreement with the results obtained by analysis of TEM images of negatively stained vesicles (Fig. S2C and S2D) .
The dynamics and phase behavior of TDM membranes were analyzed by 2 H NMR spectroscopy. As expected from their diameter, vesicles made of 2 H-TDM with the detergent dialysis method gave isotropic 2 H NMR spectra due to rapid reorientation of the vesicles and lateral diffusion of TDM within the vesicles. In contrast, the liposomes composed of TDM and CL that were prepared by simple hydration of a dried lipid film were large enough to be analyzed by (Fig. 3 and Fig. S4 ). The 2 H spectra, recorded at 313 K, of d-CL with TDM showed a standard powder spectrum characteristic of a phospholipid bilayer in the fluid phase. The so-called "plateau region" with a quadrupolar splitting of 23.6 kHz corresponds to the most ordered methylene groups, approximately positions C3 to C10 from the carboxylate group, and the splitting of 2.34 kHz corresponds to the terminal methyls. The presence of 20 mol% TDM did not significantly affect the CL order parameters. The 2 H spectrum of d-TDM from C. glutamicum (Fig. S4 ) has a lineshape that is distinct from lineshapes observed with phospholipid bilayers because there is a strong contribution from the trehalose deuterons, as has been observed with perdeuterated glycosphingolipids [41, 42] . The TDM methyl group resonances have a quadrupolar splitting of 1.75 kHz, indicating more mobility of the methyl groups in TDM than in CL. 2 H NMR spectra were recorded at various temperatures between 278 K and 313 K, for lipids extracted from bacteria that were cultured at 303 K. Upon decreasing the temperature, the spectral width increased and the spectral components typical of gel phases appeared in the spectra of TDM/d-CL (Fig. 3A , also visible in the d-TDM 2 H NMR spectra, Fig. S4 ). The first moment (M1) of the 2 H spectra provides a quantitative measure of the spectrum broadening as a function of temperature. The plots of M1 versus temperature in Fig. 3C clearly show a gel to liquid crystalline phase transition occurring between 285 K and 292 K for the pure CL sample. When 20% TDM is incorporated into CL vesicles, the transition temperature range starts at slightly lower temperature (i.e.~280 K), indicative of a loss of cooperativity conjugated with slightly higher membrane fluidity due to the introduction of TDM (Fig. 3C , slight reduction of M1 above the phase transition). Importantly, the observed temperature range of transition is the same whether one measures 2 H spectra on CL or on TDM in the TDM/CL (1/4) mixtures, indicating that the two lipids form a homogenous mixture and not separate phases. This should not be too surprising, considering that the hydrophobic thicknesses of both lipids are comparable in size (the situation could be different with mycobacterial lipid chains which can be up to 80 carbons in length). It is striking that the phase transition temperature occurs just below the cell growth conditions: it shows that the CL side chain composition, in terms of chain length and degree of unsaturation, is selected by C. glutamicum to provide a fluid environment for the outer membranes. This tuning of the lipid composition and phase behavior with growth temperature has already been described for Escherichia coli cytoplasmic and outer membranes [43, 44] . Interestingly the temperature range of the phase transition that is observed with TDM and CL lipid mixtures correlates well with early differential scanning calorimetry measurements on Corynebacterial cell walls.
Molecular dynamics simulations
Molecular dynamics (MD) simulations have often been used with success in studying the structural and dynamical properties of lipid bilayers comprising different components (see [45, 46] and references therein). A TDM molecule consists of one trehalose as the polar head, which is esterified at both glucose O6 positions with a mycolic acid moiety. Mycolic acids are fatty acid derivatives containing two aliphatic chains: the α-branch chain and the meromycolic chain with a hydroxyl group at the β-position. Hence, each TDM molecule was described with four hydrocarbon chains (see Fig. 4B ). The hydrocarbon chains usually contain double bonds in the cis conformation, and the predominant TDM species are C36:2, C34:1 and C32:0 ( Fig. 2 and [34] ). Consequently, we created a model bilayer with a mixture of these three predominant TDM species.
The MD simulations were performed on a system whose composition is detailed in the Materials and methods section. The system needed~25 ns to equilibrate (see Fig. S5 ). The analysis of the trajectory was performed on the remaining 15 ns. Fig. 4A shows a snapshot of the equilibrated bilayer. Fig. 4B shows an example of a 3D structure of one of the TDM molecules in the bilayer. The equilibrated part of the trajectory was used to compute average values of structural parameters of the bilayer. The area per lipid (APL) was found by dividing the average surface of the plane perpendicular to the bilayer normal by the number of lipids in a monolayer. In the model described here, the APL value was (103.9 ± 0.1) Å 2 . As a comparison, the area per lipid of POPC, which is often considered the standard fluid bilayer forming phospholipid, is~65 Å 2 [47] . Considering that TDM has four acyl chains compared with two acyl chains in POPC, the calculated APL of TDM indicates a tighter packing of the chains than in the case of POPC. The head of each lipid is formed by trehalose, a α,α-1,1-diglucopyranoside whose preferential 3D structure in vacuum and in water is known [48] . We have calculated a distribution of the glycosidic angles (φ, ψ) of trehalose in a TDM lipid bilayer. Fig. 5A shows a contour plot whose major characteristics are in good qualitative agreement with published data [49] regarding the number and location of peaks. However, there are significant differences in peak intensities, which is the obvious consequence of the strain imposed on the trehalose moiety by the membrane anchoring. In the bilayer, the TDM head group adopts a preferential conformation characterized by the major peak appearing for the angles (61°, − 18°), which amounts to 31% of the total population of conformers. The molecule shown in Fig. 4B belongs to this region and displays a V-shaped conformation of the disaccharide. The other peaks appear at (− 18°, 62°; 20%) (65°, 58°; 19%) (34°, 30°; 17%) and (− 48°, − 50°; 11%).
In order to gain insight into the position of different components within the bilayer, we have computed several atomic density profiles (Fig. 5B) . The black profile (continuous line, •) corresponds to the position of the O1 atoms of the trehalose. The inter-peak distance is ca. 42 Å, which can be taken to represent the thickness of the bilayer and compares well with EM images (Fig. 4C) . The inner profile (♦) shows the carbon atoms at the branching points of lipid chains and was used to estimate a hydrophobic thickness of 34 Å. The central profile (▲) shows the distribution of the terminal methyl groups of all four chains per TDM molecule, which appear to be well restrained at the bilayer center. Finally, the outer profile (o) shows the distribution of oxygen atoms in water molecules which show a negligible probability of presence in the central 20 Å. These two characteristics as well as the area per lipid indicate a well packed and impermeable lipid bilayer. Computed lipid chain order parameters from the trajectory of the MD simulation confirm the tight packing of the chains (Fig. S6) .
The biophysical properties of lipid molecules, which determine their phase behavior, are often considered a function of the preferred shape of the molecules. In particular, a critical packing parameter p c can be calculated for a lipid molecule from the optimal head group cross-sectional area a 0 , the chain volume v c and the critical chain length l c : p c = v c /(a 0 l c ) [50] . For TDM molecules, the headgroup area was calculated from the surface of the projection of the trehalose atoms on the bilayer plane, averaged over all molecules in all frames of the equilibrated trajectory. The result is (64 ± 6) Å 2 , which is less Given that l c is close to 20 Å, we find a critical packing parameter p c equal to 1.4. This implies that TDM molecules have a propensity to form non-lamellar phases at high temperatures, similar to CL [50] . 3.6. TDM lipid bilayers as a suitable environment for functional reconstitution of outer membrane proteins As TDM is a major component of the outer membrane, it should be capable of functionally solubilizing outer membrane proteins of C. glutamicum such as the PorA-PorH complex, which acts as a voltage dependent ion channel [33, 34, 51] . We thus attempted to form proteoliposomes with TDM and the PorA-PorH complex and to characterize them structurally and functionally.
At lipid to protein ratios of 50/1 and above, detergent dialysis was successful in producing homogenous vesicle preparations, whereas at lower lipid to protein ratios, visible protein aggregates were observed. This high protein to lipid ratio should allow for future structural studies of the protein complex in lipid bilayer. PorA-PorH oligomeric channels were visible in EM images as intercalating linear aggregates creating structures budding out from the liposomes (indicated by arrows in Fig. 6B) .
The PorA-PorH ion channel activity in the proteoliposomes was assessed by black lipid membrane (BLM) measurements on TDMcontaining membranes. Up to 10 mol% of TDM could be mixed with azolectin and form a bilayer with a stability and capacitance compatible with electrical recordings, while a larger proportion of TDM produced membranes with a lower capacitance. These results are in agreement with previous observations with trehalose-dicorynomycolate from Corynebacterium diphtheria [20] . We first used proteoliposomes made of TDM and covalently mycoloylated PorA-PorH produced in C. glutamicum, and applied them in the cis-side of the chamber: they fused to the bilayer and showed sequential multiple insertions, slow and fast opening and closing of the ion channels (Fig. 6C) . The channels displayed voltage dependence on both positive and negative side of the potential, as expected for a fully functional protein complex [33] . In contrast, when the TDMPorA-PorH proteoliposomes were made with unmodified proteins produced by cell-free expression, they fused to the bilayer but did not display the characteristic porin-like channel activity [33] . Hence the covalent attachment of mycolic acid to the protein, and not only the presence of mycolate within the membrane matrix surrounding the protein is required for full channel activity. It has been demonstrated previously that lipids can play a role in stabilizing the oligomeric state, folding and voltage dependent gating of potassium channels [52] , and can affect the mechanosensitivity of MscL and MscS ion channels [53] . Here however, mycolic acid containing lipids such as TDM could not restore the function of PorA-PorH channels that were devoid of their covalent posttranslational modification.
Conclusions
We have demonstrated for the first time that trehalose-6,6′-dimycolate (cord factor) from C. glutamicum is a bilayer-forming lipid. This has not been described previously, presumably because TDM does not spontaneously form liposomes by spontaneous hydration of thin lipid films like most common phospholipid do. Of the various protocols investigated for their ability to form TDM-containing liposomes, the detergent dialysis method was most successful in forming both vesicles and proteoliposomes. Using MD simulations, EM and 2 H NMR, the lipid vesicles were characterized in terms of phase transitions, bilayer thickness, area per lipid, and TDM conformations, orientations and motions. 2 H NMR of TDM/CL mixtures revealed that their acyl chain composition and degree of unsaturation is adapted to produce fluid bilayers at the bacterial growth temperature, and that TDM moderately influences the CL membrane fluidity in a TDM/CL mixture. Pure TDM bilayers proved to be compatible with the functional reconstitution of an outer membrane protein from C. glutamicum, the PorA-PorH ion channel. These proteoliposomes proved to form ion channels possessing all the characteristics of typical porins when conductance measurements were performed with a 10 mol% TDM in azolectin black lipid membrane. These findings open entirely new perspectives in terms of structural biology of membrane proteins from Corynebacteriales. With the successful incorporation of the species-specific lipid TDM in proteoliposomes, structural and functional studies of outer membrane proteins from C. glutamicum can now be performed in more biologically relevant, but well defined environments.
The data presented here should prove very useful for future biophysical and structural studies of these membrane proteins, notably in the case of Mycobacteria. Mycobacteria share with C. glutamicum the whole cell envelope architecture, including the occurrence of TDM and mycomembrane [54] . In contrast to Corynebacteria, the isolation of mycomembrane from Mycobacteria has been unsuccessful to date and, consequently, the study of mycobacterial outer membrane proteins in more natural environments has not been possible. Based on the methods established herein, the expression and biophysical studies of putative membrane proteins of M. tuberculosis and other mycobacterial pathogens should now be possible. 
